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ABSTRACT
Microstrip patch antennas (MPAs) are utilized in many applications as
they are easy to produce and are thin, versatile, light weight, cheap, and reliable.
One of the drawbacks of MPAs, however, is their narrow bandwidth, typically
three to ten percent. Fortunately, a perturbation exists capable of resolving this
issue known as the U-slot which can increase the operational bandwidth of a
single layer MPA to around 30 percent. Often it is reported that the wideband
performance of this structure results from the existence of two resonators, the
patch and the U-shaped slot. While this is true, the very nature of this dual
resonance and its relationship to wide bandwidth has not been well defined as
misconceptions about the design are common. A few of the more significant
publications on U-slot MPAs have recently utilized characteristic modal analysis

iv

(CMA) as a figure of merit to judge and/or improve existing U-slot design
methods. However, it is demonstrated that by combining CMA with Coupled
Mode Theory (CMT), it is possible to explain the U-slot MPA’s wideband behavior
and operational characteristics. A complete analysis of which is presented
through a culmination of U-slot MPA simulations, circuit models, CMT analysis,
and fabricated U-slot MPA designs. Lastly, an improved approach to wideband
U-slot MPA design is demonstrated based on the discovered fundamental
operational characteristics.
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Chapter 1
Background

The Microstrip Patch Antenna
The MPA consists of a metallic radiating planar surface mounted upon a
dielectric substrate backed by a ground plane (Figure 1). The microstrip topology
was introduced in the 1950’s by Grieg and Englemann [1] for the application of
microwaves and first utilized for antennas by Deschamps in 1953 [2]. However,
the MPA did not become popular until the developments of printed circuit board
(PCB) technology and consistent dielectric manufacturing which made the MPA
more efficient, easy to produce, thin, lightweight, cheap, reliable, and compatible
with other planar circuit topologies.

Figure 1. MPA Configuration

MPAs can be made in many different shapes and sizes and are utilized for
operational frequencies between 0.3 - 40 GHz, with size and efficiency limiting
their use elsewhere. MPAs can be fed by microstrip transmission lines,
apertures, edge coupling, or coaxial cables and may be linear, polar, or
elliptically polarized. The feed type, polarization, shape, and size of an MPA is
1

heavily dependent on the intended application and the operational frequency.
Applications consist of satellite communication, cell phones, wireless internet,
direct broadcast television, and telemetry data systems. The main shortcomings
of a typical MPA consists of low radiation efficiency, narrow bandwidth (3%10%), and unsuitability for use at higher power levels.
When excited, MPAs radiate due to fringing fields on the patch’s edges
caused by strong surface currents and the electric field between the patch and
the ground plane (Figure 2).

Figure 2. Electric Field Lines of an MPA [3].

Although MPAs are simple in structure, they have proved difficult to analyze. The
first method developed to analyze the MPA was introduced by Munson [4] and is
known as the transmission line model which represented an MPA by a section of
transmission line having lossy loads at each end which characterize the patch’s
radiating edges (Figure 3).
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Figure 3. Transmission Line Model of a Rectangular MPA [5].

By choosing any point along the length of the transmission line, the input
impedance of a given feed point can be calculated and is often expressed in
terms of admittance. This initial transmission line model is limited by the fact that
it can only be used when one mode is resonant, it is inaccurate for thin
substrates, applies only to rectangular shapes, and it assumes currents flow
along the transmission line in only one direction.
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The second MPA analysis method is known as the cavity model,
developed by Lo et al [6] which further describes the MPA as a lossy resonant
cavity with open circuit, perfect magnetic conductor (PMC) conditions on the
cavity's vertical edges and short circuit, perfect electric conductor (PEC)
conditions on the cavity’s horizontal edges (Figure 4).

Figure 4. Cavity Model of an MPA

In Figure 4, the PEC boundaries represent the patch and the ground plane while
the PMC boundaries support a voltage distribution at the MPA’s edges. Due to
this configuration, only certain modes can exist inside the cavity. Using the cavity
model, it is possible to describe these MPA operational modes according to the
MPA’s geometry. For example, a rectangular MPA will operate in what is referred
to as the transverse magnetic (𝑇𝑀) mode. The mode designation 𝑇𝑀𝑚𝑛
describes the condition where the magnetic field in a system is transverse to the
direction of wave propagation with the subscript m designating the number of half
wave electric field variations along the MPA’s x dimension and the n subscript
designating the number of half wave electric field variations along the MPA’s y
dimension. The 𝑇𝑀01 and 𝑇𝑀10 mode configurations and their electric field
4

distributions are shown in Figure 5 and 6 below. These two mode configurations
are the most commonly used modes for MPA operation.

Figure 5. 𝑇𝑀10 & 𝑇𝑀01 Mode Configurations [5].

𝑇𝑀10

𝑇𝑀01
Figure 6. Electric Field Distributions

Initially, the cavity model was limited to thin substrates and did not account for
feed probe inductance while having similar current approximations used in the
transmission line model. Over the years the cavity model has been refined and
improved to include probe feed inductance and higher order modes [7], [8].
5

However, the model is still limited to substrate thickness that are much less than
the wavelength of the operational frequency and is unable to analyze
multilayered or complex MPA designs.
It was not until the 1980’s, when the advancement of computers led to the
use and development of computational electromagnetic (CEM) analysis, that
MPA modeling achieved an elevated level of fidelity. One such CEM analysis
method, known as the method of moments (MoM), is credited for becoming the
first analysis method able to completely characterize the MPA by eliminating
current distribution approximations that limited the cavity and transmission line
models. In the case of antenna analysis, MoM can be used to solve an integral
equation of the general form representative of a given radiation problem in terms
of the unknown currents. Such an equation, representative of a dipole antenna, is
seen in equation 1.

− ∫ 𝐼(𝑧 ′ )𝐾(𝑧, 𝑧 ′ )𝑑𝑧 ′ = 𝐸 ′ (𝑧)

(1)

Where 𝐼 represents the unknown currents, 𝐾 stands for the kernel function
dependent upon the equation formulation, and 𝐸 is the electric field. More
importantly for this paper's purpose, the MoM may also be expressed in a linear
algebraic form by requiring the total tangential electric fields on a given
conducting body to be equal to zero as expressed in equation 2 where 𝐸𝑡𝑎𝑛,𝑠
represents the scattered electric field from a surface current and 𝐸𝑡𝑎𝑛,𝑖 represents
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the tangential component of the incident electric field from an internal or external
source.
0 = 𝐸𝑡𝑎𝑛,𝑠 + 𝐸𝑡𝑎𝑛,𝑖

(2)

If the surface currents related to the fields in equation 2 are approximated by
Rao-Wilton-Glisson subdomain functions, the above expression can be re-written
into the impedance matrix form seen in equation 3. The steps involved in this
process are covered in [9].

[𝑍𝑚𝑛 ][𝐼𝑛 ] = [𝑉𝑚 ]

(3)

This representation of the MoM provides the basis upon which a closely related
CEM method, known as characteristic modal analysis (CMA), is founded.

Characteristic Modal Analysis
CMA was pioneered in the 60’s by Garbacz [10] however its capability
was limited until the theory was simplified for computing currents and their
related fields by Harrington and Mautz in 1971 [11], [12]. CMA is popular due to
its ability to separate the electromagnetic analysis of a given conducting body
into its individual current modes whereas other CEM methods analyze the sum or
superposition of all supported modes. The individual current modes are only
dependent on the shape and size of the conducting body providing unique insight
into the physical characteristics of a given antenna. Ultimately these
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characteristic modes define a surface’s near and far-fields which describe the
radiating properties of the structure. Characteristic modes are obtained by
solving a weighted eigenvalue equation that is derived from the MoM impedance
matrix, equation 3, which results in the matrix eigenvalue equation, equation 4,
for a given conducting body,

[𝑋]𝐽𝑛 = 𝜆𝑛 [𝑅]𝐽𝑛

(4)

Where 𝐽𝑛 represents the surface supported eigen currents, 𝜆𝑛 represent the
eigenvalues, and the MoM impedance matrix [𝑍] is represented in terms of its
real and imaginary components, [𝑋] and [𝑅]. In this form, the eigenvalues, 𝜆𝑛 ,
are the focus as they represent the complex power balance or difference
between the stored magnetic and electric energy in a mode over a frequency
range of interest as expressed in equation 5

𝜔(𝑊𝑚 − 𝑊𝑒 ) = 𝜆

(5)

When the energy difference becomes equal to zero, the mode will become
resonant. Modes whose eigenvalues start negative are referred to as capacitive
and have a chance of becoming resonant. Modes whose eigenvalues start
positive are referred to as inductive and will not become resonant. An in-depth
explanation of CMA’s application to antenna design was conducted by Cabedo in
2007 [13]. Increased computational power has made it possible to compute the
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characteristic eigenvalues and currents of a given body over a wide range of
frequencies. Feko, a MoM code by Altair, is one such CMA analysis tool which
will be utilized for the CMA simulations in this paper.

U-Slot Patch Antennas
First published by Huynh and Lee in 1995 [14], the addition of the Ushaped slot was shown to improve an MPA’s bandwidth to over 40 percent.
Huynh and Lee’s original U-slot MPA design had an air substrate that was 1.06
inches thick with an operational frequency of 900 MHz and was center fed with a
coaxial probe. Huynh and Lee’s U-slot diagram and their test results are shown
in Figures 7-9.

Figure 7. Geometry of U-Slot MPA a) Top View, b) Side View [14]
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a

b

Figure 8. a) 𝑆11 Impedance Locus Plot, b) VSWR Plot [14]

Figure 9. U-Slot Far-Field Patterns [14]

It is worth noting that the looped impedance locus seen in Figure 8a is
characteristic of coupled systems and is observed in the response of coupled
filters and waveguides.
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At the time of Huynh and Lee’s publication, it was reported that although
the feed probe was relatively long, it did not contribute any inductive reactance to
the overall input impedance of the MPA as it was effectively canceled out by the
capacitive reactance introduced by the existence of the U-shaped slot. Although
this MPA perturbation solved the narrow bandwidth characteristics, it was not
well understood. It was hypothesized that the increased bandwidth was due to
the existence of two radiators, the patch and the U-slot, which remains the extent
of the explanation as to the author’s knowledge no quantitative explanation,
theory of operation, or systematic design method of the U-slot MPA exists. Over
the years the achievable bandwidth of U-slot MPAs has been shown to be closer
to 30% [15] [16] [17] [18]. Nevertheless, it is a significant improvement for a
single layer MPA.
Since the Huynh and Lee original publication, U-slot MPA’s have been
adapted into a wide variety of application and uses. Although not wideband, the
U-slot MPA can be used as a multi band MPA capable of radiating at several
separate frequencies. These MPA’s often include multiple U-slots in a single
patch whose existence creates notches within the bandwidth (Figure 10) [19].
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Figure 10. Multiband U-Slot MPA [19]

In addition, it has also been shown by Tong and Wong [20] that the U-slot MPA
can be circularly polarized when the slot lengths are uneven as seen in Figure
11.

Figure 11. Circularly Polarized U-Slot MPA [20]

Multiple, single U-slot MPA’s can be combined to form antenna arrays as
demonstrated by Wang, Huang, and Fang [21] where the array shown in Figure
12 has a bandwidth of 18% at a center frequency of 6.22 GHz.
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Figure 12. U-Slot MPA Array [21]

More recently, CMA has been used to rate various empirical U-slot MPA design
techniques as well as determine the effects of substrate thickness, U-slot
dimensions, feed locations, and feed probe dimension on radiation
characteristics [15], [22]. CMA has also been used to improve the axial ratio and
the cross-polarization performance of circular polarized U-slot MPA designs [23].

Chapter 2
Theory & Analysis

Simulation & Fabrication of the Original U-Slot MPA
To analyze and observe the behavior of the U-slot antenna, a driven
simulation of the original U-slot MPA was created in Feko, seen in Figure 13
below. The intent is not to achieve the exact results reported in the publication
nor are they expected as information about how the original U-slot MPA was
13

fabricated and tested is incomplete. However, comparable results should be
achieved to provide an operational wideband U-slot MPA for study. The driven
simulation is modeled with all the original dimensions, an air substrate, and a
rectangular probe having four times the width of the reported original probe feed
diameter.

Top View

Side View

Figure 13. Model of Original U-Slot MPA

The driven simulation results are shown in Figure 14 and 15 below.
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Figure 14. Simulated 𝑆11 Impedance Locus

Figure 15. Simulated 𝑆11 Log Magnitude
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One of the discrepancies noticed between the results in the original U-slot
publication and the results in Figure 14 was that the long feed probe appeared to
add appreciable inductance to the patch’s input impedance demonstrated by the
upwards shift in the impedance locus on the Smith chart. As the radiation pattern
was observed over the reported bandwidth, it became unstable at higher
frequencies and morphed from the desirable broadside patch pattern to the less
desirable pattern depicted in Figure 16b.

a) 0.8-1.17 GHz

b) 1.17-1.3 GHz

Figure 16. Far-Field Radiation Pattern

If the U-slot MPA’s bandwidth could be increased beyond 30%, it would not likely
be useful at the upper end of the frequency band due to this change in radiation
pattern. With the above simulation observations, a physical U-slot antenna was
fabricated for further analysis (Figure 17).
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a

b

c

Figure 17. a) Fabricated U-Slot MPA side 1, b) Fabricated U-Slot MPA side 2
c) Complete Test Assembly

For test purposes the Huynh and Lee U-slot MPA replica was created on 62 mil
FR4 and inverted such that only air was in between the patch metallization and
the 16” diameter circular ground plane. Simulations representing the complete
test assembly showed this orientation had the least effect when compared to the
performance of the design without the FR4. It was also discovered that any
dielectric material other than air inside the U-shaped slot adversely affected the
antenna’s performance, requiring the U-shaped slot be cut into the FR4 as well.
Lastly, a series tuning capacitor was included to compensate for probe feed
inductance [24] (note small metal square at the center of Figure 17b). The
fabricated replica was then tested with a FieldFox vector network analyzer (VNA)
in an anechoic chamber as well as a Satimo Starlab 18 near-field antenna
chamber. Both test setups are shown in Figure 18.
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a

b

Figure 18. a) VNA Test in Anechoic Chamber, b) Satimo Chamber Test

The VNA and Satimo test results are shown in Figures 19-23.

Figure 19. Measured Satimo Gain Results
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Figure 20. Measured Satimo Efficiency Results

19

Figure 21. Measured Satimo Far-Field Pattern View 1

20

Figure 22. Measured Satimo Far-Field Pattern View 2
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Figure 23. VNA Measured 𝑆11 Log Magnitude

Figure 24. VNA Measured 𝑆11 Impedance Locus
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The impedance locus plot of Figure 24 demonstrates the tuning capacitor on the
fabricated U-slot MPA could be smaller to fully center the loop in the Smith chart.
Without the tuning capacitor the loop would have been much further off to the
upper right of the Smith chart. The far field test results in Figure 21 and 22 shows
the radiated pattern becomes unstable at the upper end of the frequency
bandwidth. The test results in Figure 23 confirms the 30% bandwidth was
achieved.

Identifying Resonant Modes With CMA
With the driven simulation and the test results of the fabricated U-slot
MPA, the next analysis step was to conduct a CMA simulation to observe the Uslot MPA’s modal behaviors. The eigenvalue plots for the first four resonant
modes are shown in Figure 25.
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Figure 25. U-Slot MPA Eigenvalues of First Four Resonant Modes

From Figure 25 it is observed that the first four resonant modes resonate at 0.81
GHz, 1.12 GHz, 1.2 GHz, and 1.28 GHz. Additional information can be gained by
viewing the far-field radiation patterns of the resonant modes at their resonant
frequencies, seen in Figure 26.
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Mode 1

Mode 3

Mode 4

Mode 6
Figure 26. CMA Far-Fields

From Figure 26 it is noted that modes 1 and 3 have desirable MPA radiation
patterns while modes 4 and 6 have less desirable radiation patterns like the
patterns previously noted at higher frequencies. It is also important to observe
the near-field patterns of the first four resonant modes (Figure 27).
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Mode 1

Mode 3

Mode 4

Mode 6
Figure 27. CMA Near-Fields

The near-field plots show modes 1 and 3 have a “perturbed 𝑇𝑀10 mode”
excitable with a center feed while the pattern of mode 4 shows it cannot be
excited as there is a vertical electric field null directly across the center of the
pattern. Therefore, any of the undesired radiation pattern at higher frequencies
must be due to the contribution of mode 6 becoming resonant at higher
frequencies. Additionally, the input impedance of each mode is shown below in
Figure 28.
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Figure 28. Impedance Locus of the First Four Resonant Modes

From the input impedance plots it was observed that mode 4’s input impedance
was infinite as predicted from its near field pattern, while mode 6 appears to be
sub-resonant. If a loop is to be formed in the Smith chart, it must be due to the
combined impedances of modes 1 and 3. Lastly, the power distributions for
modes 1, 3, and 6 are shown in Figure 29.
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Figure 29. Power Distribution of Resonant Modes

From Figure 29 it is shown that most of the power over the operational bandwidth
is contained within modes 1 and 3. From the power distribution plot it is possible
to calculate the Q of each mode with equation 5.

𝑓

𝑄 = 𝐵𝑊𝑐

3𝑑𝐵

(5)

Equation 5 results in a 𝑄 of about 7 for each mode respectively, a value expected
for wideband operation. By analyzing all the modal information provided by CMA,
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it is possible to arrive at the conclusion that modes 1 and 3 are the main radiating
mechanisms in the U slot antenna due to the following three reasons:

1) Modes 1 and 3 have radiation patterns observed over the 30% bandwidth
2) Modes 1 and 3 are excitable with a center feed probe
3) Most of the power over the 30% bandwidth is in these two modes

With the two U-slot operational modes identified, understanding how their
combined impedances form a loop in the Smith chart is possible by creating a
circuit model of the U-slot MPA.

The U-Slot MPA Circuit Model
To examine and understand how the combination of modal impedances
form a loop in the Smith chart, it is helpful to develop a circuit model of the U-slot
MPA. Each resonant mode’s individual input impedance can be represented by a
series 𝐿𝑅𝐶 circuit such that when combined in parallel the total impedance of the
circuit will reflect the total input impedance of the U-slot MPA. The relationship
between characteristic modes and their representative circuit models is explained
by Adams and Bernhard [25]. Using Agilent’s ADS circuit simulation software, it
is possible to create a U-slot circuit model from two series 𝐿𝑅𝐶 circuits which
represent modes 1 and 3. If done correctly, the circuit will have an impedance
locus matching that of the simulated and physical U-slot antenna. This can be
29

achieved by setting the 𝐿 and 𝐶 values as a function of each mode’s
characteristic impedance (𝑍𝑐) at their respective resonant frequencies (𝑓𝑟). The
𝑅 and 𝑍𝑐 values can be tuned to match the overall impedance of the U-slot MPA.
The resulting representative U-slot circuit model is shown in Figure 30.

Figure 30. U-Slot Circuit Model

Changes in the overall input impedance while tuning the 𝑅 and 𝑍𝑐 values can be
observed in the Smith chart. The impedance locus of the U-slot circuit model is
compared to that of the fabricated and simulated U-slot antenna (Figure 31).
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Figure 31. Comparison Between Measured & Simulated 𝑆11 Impedance Locus
Plots

Figure 31 shows the impedance locus of the U-slot circuit model is well in
agreement with the simulation and fabricated MPA test results. It is also possible
to view the impedance locus of each mode individually in the circuit model
(Figure 32).
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Mode 1

Mode 3

Figure 30. Circuit Model Simulated Individual Impedance Locus

The mismatch at higher frequencies in the circuit model’s overall impedance
locus is due to the contribution of the third, sub-resonant mode, mode 6. Mode 6
and all higher modes can be represented in the circuit model as a lumped
parallel capacitance though unnecessary as the higher modes have negligible
effect over the 30% bandwidth of interest. Again, it is noted that any FR4
underneath the U-slot will cause a rotation of the loop in the Smith chart. This is
noticed in Figure 31 by the VNA impedance locus plot having a clockwise
rotation compared to the impedance locus plot of the simulation and the circuit
model. The modal 𝑄 values can be calculated from the U-slot circuit model with
the following equation:
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𝑄=

𝑍𝑐

𝑄1 ≈
𝑄2 ≈

𝑅
211
38

(6)
≈6

225
≈5
50

The results of which are similar to the 𝑄 values calculated from the CMA modal
power distribution plots. By utilizing a circuit model of the U-slot antenna, it is
demonstrated how the input impedances of the two individual resonant modes
combine in parallel to form a loop in the Smith chart. At this point it is convincing
that the performance characteristics of the U-slot MPA are due to the existence
of modes 1 and 3. However, this does not explain the relationship between the
rectangular patch, the U-slot, and the wideband characteristics. It turns out this
connection can be made with coupled mode theory.

Coupled Mode Theory
Coupled Mode Theory (CMT) was introduced in the 50’s however its
formulation was modernized in 1991 by Haus and Huang [26]. CMT describes
the characteristic behavior of a coupled system to achieve a resonant state or
natural mode of vibration. This phenomenon is observed in mechanical
oscillators, coupled electric circuits, molecular vibration in solids, acoustic waves,
directional couplers, wave filters, and microwave amplifiers [27]. More recently,
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CMT has been used to identify and improve CMA eigenvalue tracking issues
[28]. According to CMT, a coupled system with two resonators will have two
natural modes of vibration. The behavior of such a system can be demonstrated
by the coupled pendulum system shown in Figure 33.

Figure 33. Coupled Pendulum System

The coupled pendulum system consists of two masses, or resonators, each
hanging from a rigid support by a vertical string. In this system, the pendulums
are coupled together by a horizontal spring and are capable of oscillating in one
of two natural modes of vibration. That is, the pendulums will resonate in-phase
at a lower natural frequency, where the spring remains un-stretched, Figure 34.

Figure 34. In-Phase Resonance
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Or the pendulums will resonate out-of-phase at a higher natural frequency where
the spring expands and contracts, Figure 35.

Figure 35. Out-of-Phase Resonance

Any form of motion within the coupled pendulum system can be described as the
superposition of the two natural modes of oscillation. Due to symmetry, the
uncoupled resonant frequency of each individual pendulum is the same;
however, their coupling allows them to influence one another through the
exchange of energy. Mathematically the coupled mode system is represented by
equations 7 and 8 where the 𝜔− and 𝜔+ terms represent the lower and higher
coupled resonant frequencies of the system and the 𝜔1 and 𝜔2 terms represent
the individual uncoupled resonant frequencies of the two resonators. Lastly the 𝐾
value represents the un-normalized coupling coefficient in the system.

𝜔− =

𝜔1 +𝜔2
2

− √(

𝜔1 −𝜔2 2
)
2
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+ |𝐾12 |2 (7)

𝜔+ =

𝜔1 +𝜔2
2

+ √(

𝜔1 −𝜔2 2
)
2

+ |𝐾12 |2 (8)

The above CMT equations are further described by Chuang [29] where the
coupling of resonators in a system are classified as either synchronous or
asynchronous (Figure 34). This designation concerns the term 𝜔1 − 𝜔2; for the
synchronous case 𝜔1 − 𝜔2 = 0 and complete energy transfer from one resonator
to the other is possible.

Figure 36. a) Asynchronous Coupling, b) Synchronous Coupling [29]

Regardless of the coupling type or the individual uncoupled resonator
frequencies, a coupled system will exhibit a lower, in-phase resonant frequency
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and a higher, out-of-phase resonant frequency. At this point one might ask, what
does CMT have to do with wideband U-slot MPA behavior?
Recall the two resonant modes 1 and 3 from the previous CMA analysis.
Mode 1 was resonant at a frequency of 0.81 GHz and mode 3 was resonant at a
frequency of 1.08 GHz. Due to the nature of the U-slot MPA, modal current plots
prove too complex for use when it comes to observing the relationship between
the patch and the U-slot. However, if we observe the charge distributions in
modes 1 and 3 from the CMA results, identifying an in-phase and out-of-phase
coupling between the U-slot and the rectangular patch is possible. The CMA
charge distributions of modes 1 and 3 are pictured below in Figure 37 where
shades of white represent negative charge and shades of black represent
positive charge.

Mode 1

Mode 3

Figure 37. CMA Charge Distributions
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The charge distributions of mode 1, Figure 37a, show that the rectangular patch’s
horizontal edges and the horizontal portion of the U-slot’s edges have an inphase charge distribution at the lower resonant frequency of 0.81 GHz. The
charge distributions of mode 3, Figure 37b, show that the rectangular patch’s
horizontal edges and the horizontal portion of the U-slot’s edges have an out-ofphase charge distribution at the higher resonant frequency of 1.08 GHz. In
accordance to CMT, the resonant frequency of mode 1 and mode 3 appear to be
the in-phase and out-of-phase frequencies resulting from the coupling between
the patch and the U-slot. It would then follow that the uncoupled individual
resonant frequencies of the rectangular patch and the U-slot should fall in
between the lower and higher coupled resonant frequencies, around 0.95 GHz
corresponding to the un-normalized coupling coefficient. It is possible to
determine the uncoupled resonant frequency of the rectangular patch by simply
removing the U-slot from the previous CMA simulation. The resulting eigenvalues
of which are plotted in Figure 38.
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Figure 38. Eigenvalues of Rectangular Patch Without the U-Slot

As predicted by CMT, the first resonant mode of the rectangular patch without
the U-slot appears at 0.95 GHz. To verify that the first resonant mode is the
correct patch mode, its near and far-field radiation patterns are examined (Figure
39).
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Far-Field

Near-Field

Figure 39. Field Patterns of Rectangular Patch Without the U-Slot

The results in Figure 39 confirm the proper patch mode radiates at 0.95 GHz.
The U-slot has been analyzed using the duality relationship between a slot
resonator and a dipole [16]. This duality is often referred to as Babinet’s principle,
which was translated into terms of antenna analysis by Booker [30]. While the
former publications are useful, a method for determining the uncoupled
resonance of the U-slot requires further investigation although expected to be
around 0.95 GHz according to CMT. If the uncoupled frequency of the U-slot
resonator was not the same or close to 0.95 GHz the coupled behavior would not
be observed.

With the uncoupled resonant frequency of the rectangular patch and the
two resonant CMA modes, it is possible to calculate the un-normalized coupling
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coefficient between the patch and U-slot resonators from the equations in Figure
36 as shown below,

𝜔+ = 𝜔 + |𝐾| ⇒ 1.08 = .95 + 𝐾 ⇒ 𝐾 = 0.13 rads/s
𝜔− = 𝜔 − |𝐾| ⇒ .82 = .95 − 𝐾 ⇒ 𝐾 = 0.13 rads/s

The relationship between wideband behavior, CMA, and CMT is summarized in
Figure 40.
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Figure 40. Relationship Between CMA, CMT, and Wide Bandwidth

Starting at the bottom of Figure 40, the individual rectangular patch and U-slot
resonators are depicted with their uncoupled resonant frequencies in the CMT
analysis level. Due to the coupling in the system, these two individual resonators
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will combine in-phase resulting in a lower resonate frequency and an out-ofphase higher resonate frequency. These two coupled lower and higher resonant
frequencies are the resonant frequencies of mode 1 and 3 identified in the CMA
simulation. Finally, the combined input impedances of mode 1 and mode 3 result
in a loop in the Smith chart, shown with the circuit model, causing the wideband
behavior observed at the driven analysis level. While attributing the wideband
performance of the U-slot antenna to the existence of two resonators is correct, it
should not be assumed that the nulls observed in the 𝑆11 log magnitude plot are
the resonant frequencies of the rectangular patch and the U-slot. In general,
these nulls do not correspond to the resonant frequencies of the relevant
characteristic modes. Therefore, 𝑆11 log magnitude nulls are of little importance
when it comes to designing U-slot MPAs for broadband use. This nonrelationship is made apparent in Figure 41.
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Figure 41. 𝑆11 Log Magnitude Plot

Figure 41 demonstrates that the different characteristic resonances of the U-slot
MPA do not share frequencies with the observed null locations.

Chapter 3
Experimentation & U-Slot Design Methodology

Designing a 2.5 GHz U-Slot MPA
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By understanding the behavior of the U-slot MPA at its fundamental level,
it is possible to create a design method based upon the wideband causalities.
This will not only benefit antenna designers but also provide further evidence of
the theory presented in the previous section. To exercise the design method, a
center frequency of 2.5 GHz is selected along with a 3/8” thick (0.1𝜆) Teflon
substrate (𝜖𝑟 = 2.2). The U-slot MPA will be center fed with a SMA coaxial probe
having a feed pin diameter of 0.05”. According to CMT, the center frequency of
2.5 GHz will be the uncoupled resonant frequency of the rectangular patch and
the U-slot resonator. Therefore, the first step in the design process will be to
create a rectangular patch, on a 3/8” thick Teflon substrate, whose 𝑇𝑀10 mode
appears near 2.5 GHz. The starting dimensions of which will be of the same
wavelength percentage of the original U-slot MPA; (𝐿 ≈ 0.7𝜆, 𝑊 ≈ 0.4𝜆). Since
CMA will be required to show the operational characteristic of the 2.5 GHz U-slot
MPA, much of the design process will be conducted in Feko and later refined in
HFSS before fabrication. The 2.5 GHz rectangular MPA model, dimensions, and
CMA results are shown in Figure 42 and 43 after tuning.

Length = 2”
Width = 1.3”
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Figure 42. 2.5 GHz Rectangular Patch

Note: Since CMA is excitation-less, including the coax center feed pin is not
required at this stage. In addition, dielectrics are defined as infinite in CMA
simulations.

Figure 43. Eigenvalue Plots of 2.5 GHz Rectangular Patch
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From the eigenvalue plots in Figure 43, it is observed that the rectangular patch
has a resonant mode near 2.5 GHz. It is necessary to verify this is the proper
patch mode by analyzing the mode’s near and far-field patterns (Figure 44).

Far-Field

Near-Field

Figure 44. 2.5 GHz Rectangular Patch Radiation Patterns

Confirming the desired patch mode is resonant around 2.5 GHz, the second step
is to add the U-slot resonator to the patch. As a starting point, the slot’s vertical
portions can be set to 0.25𝜆 and the horizontal portion can be set to 0.2𝜆 with
their widths being 0.03𝜆. The U-slot and coaxial feed pin location can be centered
on the rectangular patch as a starting point. The initial design of the 2.5 GHz Uslot MPA is shown in Figure 45.
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Figure 45. 2.5 GHz U-Slot Model

At this point it is necessary to include the feed pin which can be modeled by a
rectangular strip whose width is four times the diameter of the coaxial feed pin.
With the addition of the U-slot resonator, CMT predicts the observation of inphase, lower, and out-of-phase, higher, resonant modes resulting from the
coupling between the patch and the U-slot. In the next step, driven and CMA
simulation will be conducted at the same time throughout what will be the initial
U-slot tuning phase. During this process the focus will be on achieving the proper
loop in the Smith chart with the driven simulation while the CMA simulation will
provide verification of the predicted results and proper modal behaviors for
wideband operation. The following table summarizes the various “tuning knobs”
available for centering the loop in the Smith chart.
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Resulting Change in the Loop on the Smith Chart

Fine

Larger

Smaller

Clock left

Clock right

U Slot
Length

↑

↓

↑

↓

Patch
Length

↓

↑

↓

↑

↓

↑

Move Left

Move Right

↓

↑

↓

↑

↓

↑

Tuning
Knobs

Patch
Width
U Slot
Position

Course

Feed
Position

↓

↑

Substrate
Height

↓

↑

Tuning
Knobs

↑

↓

Table 1. Impedance Loop Tuning Table

For wideband performance the goal is to maximize the size of the loop in the
Smith chart while remaining inside the 𝑉𝑆𝑊𝑅 = 2 circle. By referencing Table 1,
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adjustments to the “Tuning Knobs” are shown by upward pointing arrows
signifying an increase in size or position, or a downward pointing arrow signifying
a decrease in size or position. The effect on the loop in the Smith chart from
these adjustments is stated at the top of each column. Care should be taken
when the bandwidth appears beyond 30% as a wider bandwidth can result from
the excitation of a third, sub-resonant mode whose radiation pattern is
undesirable. The eigenvalue results from adding the U-slot to the rectangular
patch and tuning using Table 1 are shown in Figure 46.

Figure 46. Eigenvalue Plots of 2.5 GHz U-Slot MPA

The results from Figure 44 show that two resonant modes, 1 and 6, appear
around 2.2 and 3 GHz. To verify mode 1 and 6 are the desired modes, it is
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necessary to observe their characteristics beginning with the near and far-field
patterns (Figures 47 and 48).

Far-Field

Near-Field
Figure 47. Field Results for Mode 1

Far-Field

Near-Field
Figure 48. Field Results for Mode 6

The near and far-field results for modes 1 and 6 confirm they are the desired Uslot MPA modes and have a stable radiation pattern over the 30% bandwidth.
The impedance locus for both modes is displayed in Figure 49.
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Figure 49. Impedances Locus of Mode 1 & 6

The modal impedance plots in Figure 49 show a similar behavior to the modal
impedance plots of the original U-slot MPA and their combined impedances are
expected to result in a loop in the Smith chart as well. The modal power plots for
mode 1 and 6 are shown in Figure 50.
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Figure 50. Modal Power Plot of 2.5 GHz U-Slot MPA

The modal power plots of Figure 50 correspond to a 𝑄 of about 10 for each
mode. Lastly, the charge distributions of modes 1 and 6 for the 2.5 GHz U-slot
MPA are shown in Figure 51 confirming the in-phase and out-of-phase
relationship between the rectangular patch and U-slot resonators.
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Mode 1

Mode 6

Figure 51. Modal Charge Distributions

While not as obvious as in the original U-slot design, the in-phase and out-ofphase charge distribution is still observed between the rectangular patch and the
U-slot at the two resonant frequencies. This will become more obvious as the
design is tuned further. Lastly, the driven results for the initial 2.5 GHz U-slot
MPA design are displayed in Figure 52 and 53.
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Figure 52. Simulated 𝑆11 Impedance Locus

Figure 53. Simulated 𝑆11 Log Magnitude
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The U-slot circuit model can be created for the 2.5 GHz U-slot MPA as seen in
Figure 54.

Figure 54. 2.5 GHz U-Slot MPA Circuit Model

The component values in Figure 54 result in a 𝑄 of about 12 and 5. The
individual modal impedances and their combination is shown in Figure 55.
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Mode 1

Mode 6

Combined

Figure 55. Simulated Impedance Locus of 2.5 GHZ U-Slot MPA Circuit Model

At this point the basic operation, characteristics, and dimensions of the U-slot
design are confirmed. The expected, CMA, circuit model, and driven results are
summarized in Table 2.

Results

Center
Frequency

Expected

2.5 GHz

CMA
Driven

In-Phase
Coupled
Frequency

Out-Of-Phase
Coupled
Frequency

Bandwidth

K

Q

0.4

10

30%
2.2 GHz

3 GHz

2.67 GHz

35%

Circuit
Model

12 & 5

Table 2. Expected, CMA, and Driven Results

With the verification of the basic wideband U-slot principles at work, the 2.5 GHz
U-slot design will be finalized in HFSS where a higher level of fidelity can be
incorporated. This includes a 62-mil FR4 backing, a 6” x 6” x 3/8” Teflon
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substrate, a circular feed pin, and a 12” diameter circular ground plane. All
factors of which that are not accounted for in the CMA simulations. Differences
between the HFSS and Feko simulations are expected and additional tuning will
be required to account for the increased fidelity. The HFSS 2.5 GHz U-slot MPA
model is shown in Figure 56.

Figure 56. 2.5 GHz U-Slot HFSS Model

To account for differences in performance resulting from the increased fidelity,
the same tuning table used in the initial design can be utilized to reposition the
impedance locus loop in the VSWR = 2 circle on the Smith chart. The HFSS
results after tuning are displayed in Figure 57 through 59.
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Figure 57. Simulated 2.5 GHz U-Slot 𝑆11 Log Magnitude

Figure 58. Simulated 𝑆11 Impedance Locus
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Figure 59. Simulated Gain (dB) in the x-z & y-z Planes

The results of Figures 57 through 59 verify the 2.5 GHz U-slot MPA has a wide
bandwidth while confirming the operational characteristics. With the satisfactory
simulation results, fabricating the 2.5 GHz U-slot MPA design is now possible
(Figure 60). The fabricated 2.5 GHz U-slot MPA on FR4 was mounted to the
Teflon substrate and a 12” diameter circular ground plane with nylon screws.
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Side 1 (Metallization)

Side 2 (FR4)

Figure 60. Fabricated 2.5 GHz U-Slot MPA

Nylon screws were also added to the edges of the Teflon to reduce any air gaps
between the ground plane and the Teflon substrate. The completed test
assembly is shown in Figure 61.

Figure 61. 2.5 GHz U-Slot MPA Complete Test Assembly

The above assembly was then tested using the Satimo chamber and the
FieldFox VNA in an anechoic chamber (Figure 62 and 63).
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Figure 62. 2.5 GHz U-Slot MPA Test in Satimo Chamber

Figure 63. 2.5 GHz U-Slot MPA Test with VNA In Anechoic Chamber

The test results of which are shown in Figures 64 through 69.
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Figure 64. Measured Satimo Far-Field Results View 1
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Figure 65. Measured Satimo Far-Field Results View 2
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Figure 66. Measured Satimo Efficiency Results

Figure 67. Measured Satimo Gain dB Results
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Figure 68 Measured VNA Impedance Locus

Figure 69. Measured VNA Log Magnitude
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The impedance locus results in Figure 68 show the loop in the Smith chart is
shifted downwards compared to the simulation results although a bandwidth of
28% was still achieved. The difference is most likely due to the non-idealities in
the 2.5 GHz test assembly which could be corrected for by reducing the
substrate height or changing the feed location. The result of reducing the
substrate height in the test assembly is shown in Figure 70 and 71.

Figure 70. Measured VNA Log Magnitude with Thinner Substrate
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Log Magnitude
Figure 71. Measured VNA Log Magnitude with Thinner Substrate

Figure 70 and 71 show the measured results now more closely match the
simulated results however the feed location would need to be changed to keep
the bandwidth under the -10dB level. The fabricated 2.5 GHz U-slot MPA test
results are summarized and compared to the expected and simulated results in
Table 3.

Results

Center
Frequency

Bandwidth

Expected

2.5 GHz

30%

Simulated

2.53 GHz

30%

Measured

2.57 GHz

28%

Table 3. Comparison Between Various Results for the 2.5 GHz U-Slot MPA
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The design proceedings and test results in this section have demonstrated an
effective method for creating wideband U-slot antennas while confirming the Uslot system’s wideband behavior is the result of the in-phase and out-of-phase
coupling between the slot and patch resonators described by CMT.

Conclusions
By utilizing three levels of analysis and U-slot MPA circuit models, the
nature of wideband behavior and related characteristics have been identified.
With the CMA modal charge distributions and CMT, it was explained how the
rectangular patch and U-slot resonators couple together at a lower, in-phase
frequency, and a higher, out-of-phase frequency. The coupling results in the two
resonant modes observed in the CMA analysis. CMT and CMA was also used to
find the uncoupled resonant frequency of the rectangular patch as well as the unnormalized coupling coefficient. The uncoupled rectangular patch frequency was
verified by removing the U-shape slot resulting in a resonant patch mode
appearing at the center frequency. Determining the uncoupled resonant
frequency of the U-slot is more complex and requires further study; though,
according to CMT, is expected to be near 0.95 GHz. The U-slot MPA circuit
model demonstrated how the stagger tuned input impedances of the two
resonant modes results in a loop in the Smith chart and ultimately the wideband
behavior of the system.
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The U-slot MPA behavioral characteristics were observed through the
analysis of the original U-slot MPA design and further verified by the subsequent
2.5 GHz U-slot MPA design; a process which revealed probe feed inductance
may not always be ignored. If probe feed inductance is an issue, it can be
corrected with the addition of series feed capacitance. It was also noted that the
unstable radiation patterns result from a third, sub-resonant characteristic mode.
Nulls in the 𝑆11 log magnitude plots were discovered to not correspond to the
resonant frequencies of the patch, U-slot, or relevant characteristic modes.
Contrary to widely held beliefs, the U-slot and the rectangular patch most likely
resonate at or around the same frequency according to CMT.
When fabricating U-slot MPAs, it was discovered that any FR4 in-between
the metallization of the patch and the substrate adversely effected the
performance. Therefore, both the original and the 2.5 GHz U-slot MPAs were
assembled and tested with the metallization face down on the substrate placing it
in-between the FR4 and the substrate. The U-slot MPA is also very sensitive to
any dielectric material within the U-shaped slot, requiring the cutting of the Ushaped slot into the FR4 backing. Ideally the U-slot MPA should be directly
attached to the desired substrate which simplifies the fabrication assembly and
eliminates differences between the simulation and the tested assembly. Although
the test assemblies for both fabricated U-slot designs were not ideal, they
demonstrated satisfactory results were achievable for very little cost while
providing flexibility during testing and experimentation.
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Future Work
The design method presented for creating U-slot MPAs is a general
approach for achieving the proper modal behaviors and impedance locus
required for wide bandwidth. Refining the approach with additional experiments
on other U-slot MPA designs over a wide range of frequencies is required to
characterize the approach’s strengths and weaknesses as well as further support
the theory.
Additional work includes characterizing the unifying principles of
broadband MPA’s through the analysis of other slot resonators, such as the Eslot [31], as well as analyzing other dual resonator MPA configurations such as
the staked MPA [32]. It is hypothesized that a similar coupling phenomenon
observed in the U-slot MPA is behind the behavior of other wideband, multiresonator MPA configurations. Incorporating 𝐾 and 𝑄 into the design process
would provide additional capabilities which would help determine parameters that
need to be met to maximize the bandwidth of a given U-slot MPA design. The 𝑄
of the resoant modes can be optimized for bandwidth as described in [33] while
the 𝐾 value can determine how far apart the two resonant modes could be from
the center frequency or the uncoupled resonator frequencies and still achieve
wideband performance.
Due to the complexity of the U-slot MPA, determining the uncoupled
resonant frequency of the U-shaped slot is challenging. While CMT analysis does
not necessarily require this value to be known, it would be helpful in the design
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process for determining the ideal U-slot dimensions. This would ultimately reduce
the amount of tuning required to achieve satisfactory results.
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